Cells have the ability to adjust their adhesion behavior to different environments and physiological situations through modulation of their cellular adhesion machinery. [1, 2] The involved processes are highly dynamic and exhibit remarkable switchability, which enable cell migration and differential cell-matrix adhesion. [3, 4] Being able to dynamically control adhesion by switching surface properties between adhesion promoting and impeding conditions is of supreme relevance for the development of novel biomaterials, having applications in tissue engineering and implant design. In order to create such dynamic adhesion environments, unidirectional and irreversible switching of integrin-mediated adhesion has been achieved by light-triggered activation of caged molecules and by electrochemical switching. [5] [6] [7] Studies using this approach revealed that the time point of cell exposure to adhesion ligands and their density significantly influences cell differentiation [8] and guides vascularization in vivo. [9] This shows that cells keep track of their adhesion history and that dynamic changes in adhesion signals are imperative in controlling cell functions.
materials, such as poly(N-isopropylacrylamide), [10, 11] which are ill-suited for local and rapid switching at high spatial resolution. In contrast, light-induced switching of cell adhesion could prove to be powerful in controlling cell adhesion at high spatial and temporal resolution.
Azobenzenes are reversibly photoswitchable molecules that have been shown to be highly suitable for photoswitching applications ranging from optical devices to polymers and surfaces. [12] They can be toggled between two isomerization states, i.e. a cis and a trans configuration with light resulting in two distinctively different surface conditions. For specific control of cell adhesion, azobenzenes can be biofunctionalized with bioactive molecules such as RGD (Arginine-Glycine-Aspartate) peptides that bind members of the integrin cell adhesion receptor family. [13] Several studies have employed RGD-functionalized azobenzenes for controlling adhesion with promising results, but more than one hour of illumination with UV light was required for switching. [14] [15] [16] Extended UV exposure is not suitable for bioapplications due to severe phototoxic damage to living cells, [17] whereas short UV exposure has proven successful in irreversible photoswitching approaches. [5] Here, we demonstrate a versatile approach that overcomes previous limitations and achieves rapid reversible photoswitching of cell adhesion by biofunctionalized azobenzene surfaces. In order to generate a widely applicable surface coating, we have chosen a covalent binding approach based on generating a coupling layer that is further functionalized with click-chemistry. This surface coating strategy can be applied to many different biomaterial types, including Ti and NiTi. [18, 19] Azobenzenes were functionalized with the integrin ligand c(RGDfK) [20] and covalently coupled to glass surfaces together with a biologically inert polyethylene glycol (PEG) layer ( Figure 1A) . The molar ratio of c(RGDfK)-azobenzene and PEG2000 was adjusted to 1:99, which has recently been reported to offer adequate adhesion conditions for fibroblast cells. [21] It corresponds to a c(RGDfK)-azobenzene packing density of around 0.5 molecules/nm 2 , as determined with UV/Vis spectroscopy. Figure 1B We used two complementary approaches to assess reversible switching of cell adhesion: cell culture assays and single cell force spectroscopy (SCFS). In cell culture assays, fibroblasts (REF52 wt) were seeded for 15 min onto sterilized azobenzene surfaces that were either stored in the dark (trans configuration) or illuminated with UV light of 365 nm (cis configuration). Non-adhering cells were removed by rinsing with buffer ( Figure 2A ) and the number of adhered cells was determined ( Figures 2C and 2D ). About 50 % fewer cells adhered to surfaces with c(RGDfK)-azobenzene in cis configuration than in trans configuration ( Figure 2B ). Next we employed SCFS to measure cell adhesion forces [22] in response to reversible photoswitching of the mixed c(RGDfK)-azobenzene/PEG2000 monolayer. SCFS facilitates qualitative and quantitative verification of true reversibility of photoswitching in situ on the single-cell level on the same surface spot with one and the same cell ( Figure 3A ), as a cell is attached to a cantilever and repeatedly brought into contact with the surface. The cantilever deflection is a measure of the force acting on the cell and is plotted against the distance of the cantilever from the surface ( Figure 3B ). Figure 3B shows retract parts of force-distance curves for a cell interacting with a substrate in trans (black) and cis (red) configuration.
Initially, the cell is held down by the cantilever and is in full contact with the surface. Upon withdrawal from the surface, the cell is stretched and the cantilever is bent downwards, thus experiencing an increasingly attractive (negative) force. With further retraction a critical value is reached, termed the cell detachment force F det , at which the cell starts to successively release from the substrate. Under continued retraction individual cell-substrate bonds dissociate (rupture events in Figure 3B ) until the cell is completely freed (baseline). configuration. Furthermore, they are also consistent with UV/Vis spectrometry data, showing a switching efficiency of 47%. Cells can sense tiny variations in their environment [23] and their adhesion structures exhibit extremely fast molecular turnover rates of a few minutes, [24] so that our switching efficiency should modulate cell adhesion at many different timescales. A cell is immobilized on a tipless cantilever and brought into contact with the surface. Photoswitching is achieved by illumination from below. B) Force curves of cell detachment for surfaces in cis (red) and trans state (black). F det , is defined as the force needed to initiate cell detachment and corresponds to the minimum of the force curves (red, black arrows). Distinct steps in the curve denote single rupture events (grey arrows). C) Detachment forces of a cell in several subsequent switching cycles (average of >76 force curves from four different surface locations). D) Average number of rupture events per force curve due to the cis/trans isomerization. Error bars: standard deviation. Both, F det and the number of rupture events, are consistently lower in cis configuration.
In summary our data demonstrate efficient cell adhesion switching at considerably shorter UV illumination times of only a few tens of seconds compared to previous studies. Most importantly, our SCFS-based approach demonstrates the true reversibility of cell adhesion switching by our approach. To date, the dynamic control of cell adhesion properties is still a highly challenging task, but could revolutionize biointerface research and many biomaterials applications. [25] Thus our strategy to generate rapid and reversible photoswitching holds significant potential for in vitro and in vivo applications, particularly in order to control cellular behavior and adhesion temporally and spatially. The surface coating strategy presented here can be easily applied to many different metallic materials that contain a silanizable oxide layer, including Ti and NiTi. Thus, in the long run we expect that it will open doors towards novel ways to investigate and apply the reversible and dynamic presentation of cell adhesion ligands in biomaterial systems. [26] are detailed in the Supporting Information. We have chosen the cRGDfK as headgroups to the azobenzene because it guarantees both specific and also high affinity binding of the azobenzene to the integrins in cell membrane. Packing densities of the mixed monolayers were determined through UV/Vis spectroscopy (Perkin-Elmer Lambda 14 spectrometer). [27, 28] procedures. [22, 29, 30] For cell capture a small number of freshly trypsinized cells was injected into the sample chamber. Immediately, the cantilever was approached to a cell up to a contact force of a few nN and held at constant height for about 8 s, followed by careful lift-off from the surface and 12 min resting to ensure stable attachment at the cantilever. [22, 29, 30] Force-distance curves were recorded using an approach/retract speed of 30 µm/s. Contact between cell and surface was held at a constant force of 500 pN for 1 s. For each azobenzene configuration, 20 force curves were recorded on each of four different positions on the surface as defined by the vertices of a 10 µm x 10 µm square. For switching of the surface between isomeric configurations, the cell was retracted and the surface was illuminated for 30 s from below using an LED combination mounted on objective slots. Irradiation periods were followed by a 3 min waiting period before commencing with new force measurements to let the cell recover from previously taken force curves. Each cell was used for at least two complete cycles of trans -cis -trans isomerization. Control experiments were carried out on glass cover slips in order to demonstrate that cells are not influenced by the irradiation ( Figure S3 , Supporting Information).
Experimental Section
Force curve analysis was done using JPK Instruments data processing software. Statistical significance was tested with Origin 9.0 (OriginLab).
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Rapid and reversible photoswitching of cell adhesion is achieved by c(RGDfK)-azobenzenes embedded in a polyethylene glycol background on surfaces. The light-induced cis-trans-isomerization of the azobenzene enables switching of cell adhesion on the surface. Reversibility of switching over several consecutive switching cycles is demonstrated by single-cell force spectroscopy. 
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Preparation of azobenzene compounds
Organic starting materials were purchased from Aldrich, Grüssing, Riedel-de Haën, Alfa Aesar and Merck and used as delivered. Solvents were purified and dried by standard techniques.
1 H-NMR and 13 C-NMR spectra were recorded using a Bruker DRX 500. Mass spectra were recorded on a Finigan MAT 8200 (EI, 70 eV) / MAT 8230 (CI, Isobutan).
Elemental analysis was carried out on a Euro Vector EA 3000 Series.
The synthetic pathways to obtain the azobenzene compounds 1, 2 and 3 (AB 1, AB 2, and AB 3) are schematically depicted in Figure  S1 . 
Preparation of self-assembled azobenzene monolayers
Reagents were purchased from ABCR, Alfa Aesar and Aldrich. Surface coating with a coupling layer and the subsequent click reaction were carried out as reported in literature. [S2] In brief, cleaned and activated slides were immersed in a solution of 11-bromoundecyltrichlorosilane (750 µL) in anhydrous toluene (150 mL) for 30 min in a glove box under nitrogen atmosphere. Then the slides were rinsed once with anhydrous toluene under nitrogen atmosphere and were taken out of the glove box and rinsed twice with toluene. Then the slides were immersed in toluene and treated twice with ultrasound for 
NHS-activation and cyclic RGD peptide coupling
For NHS-activation ( Figure S2 For coupling of cyclic RGD peptide ( Figure S2 , c), [S4] 2 mg of c(RGDfK) were dissolved in 1 mL phosphate buffered saline (PBS, pH = 7.2). The slides with an activated ester azobenzene monolayer were incubated with c(RGDfK) in PBS (100 µl each) at room temperature. After an immersion time of 2 h, the slides were rinsed twice with double distilled H 2 O, then immersed in double distilled H 2 O and treated with ultrasound for 5 min. After a final rinsing step with acetone, the c(RGDfK) functionalized surfaces were dried under nitrogen gas and stored under nitrogen until further use.
Control experiments on glass
As control experiment, we have irradiated adhering cells in a six-well plate several times with light of wavelength 365 nm and 440 nm (same light sources as in the manuscript). No effects of the irradiation on cell conformation have been observed, as shown in figure S3 . 
